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Accuracy of the measurements ?

announced : 2.104 +/- 2e-4 or +/-1e-4 ?

accuracy on strains :

white beam mode : deviatoric : on b/a, c/a, a, b, g

monochromatic mode : lattice expansion : on Da/a

accuracy on orientation : 2e-4 radian on the 3 Euler angles
(orientation / camera reference frame)
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position of the spots

q,c(gl, 02,93, 94)

=> unit cell orientation
k3 Euler angles (approx.)

)

ﬁstance between spots \

Da (q1,92)
=> strain tensor,

Laue pattern

9 ’oo

deviatoric part,

b/a, c/a, a, b, g

(fixed geometry)

OR

=> geometrical parameters

Qe—Ym———y) D@0 @D

calibration
W

dd, xcen, ycen, xbet, xg
wxed strain = 0)

4[ + orientation (accurate) J

I |
5 Energy

(keV)
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color = spot enerqgy
=> |attice expansion
Da/a
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Restricting hypotheses : "ideal" case
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WHITE beam
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A few definitions
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Diffraction geometry

2/ 1

)q, 0/1

6 # 6
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Calibration of the experimental geometry

+/- Xgam
i, @1
+/- xbet Ream
— Xcen * sca
: ycen * sca
- dd
Rcam

n
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| aue => calibration + orientation
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Strain and orientation
at fixed calibration

case of a strained grain
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Strain in "crystal" reference frame
ex : cubic

0 | a A dy dp
. b
/ g Sdéviarorique —| om ; B 1 o A dCX
sym sym E —1-A
_ A _
? = D*8.8 )-8
8" 8
?
a" b" g
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Sample reference frame x y z
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Strain in "sample" frame

gdév—sample =

6 6

N

Syz

Sdév.—sample = lgxx

2 xy

zz ¥z Xz

&
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| aue => strain + orientation

@ "( ! # )
KM NG ot ' ( ] a
a b @ )\
N (Y (Y1 B ;
M =
!
N/ \/—Rcam
*AA BAA '- RN
> 4 >
|
? > 9
26 16 x i

Irdac ceo

NNNNNNNNNNNNNNNNNNNN O. Robach 15



Description of small orientation variations
for a strained unit cell

*I" - C$%&D | = Z

* "= $%& !

1= $%& g=Hda +Kb*+Lc* | $%&
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1 6 =6 B" B" B
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Measurements : practical implementation
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Stages : (1) white beam, fluo + microscope

Intensity

3|
20 -15 -10 -5 0 5 10 15 20

Position [microns]

Optical Microscope Image
Fluorescence,
scans

"= 8

6 6
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Stages : (2) White beam, Laue
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Stages : (3) monochromatic, align

6 6
4 $%& #
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Stages : (4) monochromatic, Escan

6 6
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Questions

=
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How to evaluate the incertitudes ?

NNNNNNNNNNNNNNNNNNNN O. Robach 23 C&]
ET CRYOGENIE



Calculation of 4-peaks solutions (white beam)

G . |
° g ( | & B

> aliin
G !
5 # 5
6 6 |

6:.%-6
vij A -qu\aljk | / \!>
qi =
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Statistics on quadruplets

S #
?
6 6 * + -
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| 6 '/ 6
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Histograms
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Results : summary then details
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Results : Summary
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Estimate the available amount of information

# F H'4
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strain : variation of incertitudes
from one component to the other

fa ™
A \ Z
XX} xy % xz |
A
yw tyz | e/
s/
zz } X
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Strain : comparison with XMAS
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Strain : "absolute" incertitudes
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Strains : twins, ex : Cu

( s _ e
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Orientations : variation between components

HKL - !J />)
LD HKL -y
-
|
HKL - x % | J [>2
\
= )>4
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Calibration : variation between parameters

* . 'g: x| _ *  _
x| k]
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Propagation of errors
D(calibration) => D(strain)

XX Xy XZ

' 5 d(xbet) 0.3 mrad d(xcen) 10 mu
d(dd) 20 mu d(xgam) 0.4 mrad d(xgam) 0.2 mrad

d(ycen) 30 mu

yy ye
d(xbet) 0.2 mrad

d(dd) 20 mu d(
ycen) 20 mu
d(ycen) 40 mu d(dd) 15 mu

7

d(calib) almost perfectly compensated by d(strain) d(dd) 10 mu

pixdev : 0.23 => 0.25 d(xbet) 0.3 mrad
strong coupling between calibration and strain d(ycen) 50 mu

| |
Irdac ceo
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Monochromatic beam

next time ...
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Results : detalls
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number of good quadruplets : example

Ge(111), limvij = 0.2

ank
b

# nb tot quad nb good quad
#
10 210 62
25 12650 3241
30 27405 6833
68 pics 814385 pas calculé
6 6 .
V1] qk
. U =
qi :
! L L#* L?">4 >- 4
* k22 [>)-
# ?
L 11
? #
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Tests on W
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Strains
Statistics on quadruplets
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Deviations on strain

=10l

=10l

=10l

oo+ | Bm ololo[+ - |Bm ololol+] - |Ee

limvij = 0.2 o ® - —= e
G1 STR 260 T [ )

im 397 W 5MPa

25 pics i yy

Standard deviation :
+/- 5e-4 eps xX, Yy, 2z, Xy
+/- 1le-3 eps xz, yz
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sample axes

nquad = 2330

colrange =[11 12 13 14 15 16]

eps dev std deviation

[0.45 0.46 0.52 0.87 0.89 0.37]
eps dev median

[ 0.24-0.37 0.11 -0.09 -0.23 -0.15]
eps dev quadl

[0.25-0.39 0.14-0.16 -0.14 -0.15]

2[0[Q]+| | =]
P - =10l x|
deps = 6.0 i
- ZZ

epsij * 1000

200+ - |sa)
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=10[x]

hgees _ox

20O+ | mla]

im 185 G430 5 MPa
limvij = 0.2
29 pics

210/0[+| - [msla|

sample axes

nquad = 4149

colrange =[1112 13 14 15 16]
eps dev std deviation

[0.58 0.76 0.66 1.35 1.12 0.52]
eps dev median

[0.13-0.36 0.21 0.27 0.13-0.1]
eps dev quadl

[0.18 -0.54 0.35 0.85 0.11 -0.07]
eps dev from XMAS

[0.17-0.39 0.21 0.32 0.12-0.09]
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Strains
Analysis of a multi-twins Laue pattern

of polycrystalline copper
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2 microns wide Cu line on Si(001)
< 05

12
| H/>4

)1 )l
)/ "593

05

# Lo* - 45
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Test of presence of twin of the first grain :
number of newly indexed peaks
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Presence of twins of the main grain : intensity
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Indexed and missing peaks
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Indexed monotwin peaks
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Effect of removal of multi-twin peaks
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Orientation

Statistics on quadruplets

1>/3
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Deviation on orientation parameters
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Deviation on orientation parameters
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Deviation on orientation parameters




Orientations : variation between components

HKL - !J />)
LD HKL -y
/4
|
HKL-X% }/>2
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Fit of calibration
Ge(111) single crystal

Statistics on quadruplets




dd

Calibration (4-peaks fit) - Ge(111)

xcen ycen

Xbet Xgam

Ge : 10 most intense peaks among 68 (62 quads)



dd

Calibration (4-peaks fit) - Ge(111)

xcen ycen

Xbet Xgam

with another fitting method - (smaller errfunc) _
(still problems with local minima) 3



Calibration : variation between parameters

(K < # | ? 8 />4 |
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Calibration - approx. calculation "3+(1)" peaks

next time ...
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Strain

Average results
from the 100 "best" quadruplets

(with smallest pixdev)
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)4

,5)

Warning : deviation of distribution
depends on restrictions on quadruplets

standard deviation :
+/- 1le-4 eps xX, Yy, 2z, Xy
+/- 2-3e-4 eps Xz, yz

deps =2.0

select
100 quadruplets
of smallest

#

p|Xd ev O. Robach 67
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Propagation :
calibration error

=> strain error ?
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D(calibration) => D(strain)

eps |j

pixdev

pixdev : 0.23 => 0.25

ex : 1 quadruplet, variation of ycen by 80 microns
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D(calibration) => D(strain)

0.00 0.00
-0.07
" deps=01
o -0.1
500 quadruplets

of smallest pixdev

vary cld
by 10 microns O.Robach 70



D(calibration) => D(strain)
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Propagation of errors
D(calibration) => D(strain)

XX Xy XZ

' 5 d(xbet) 0.3 mrad d(xcen) 10 mu
d(dd) 20 mu d(xgam) 0.4 mrad d(xgam) 0.2 mrad

d(ycen) 30 mu

yy ye
d(xbet) 0.2 mrad

d(dd) 20 mu d(
ycen) 20 mu
d(ycen) 40 mu d(dd) 15 mu

7

d(calib) almost perfectly compensated by d(strain) d(dd) 10 mu

pixdev : 0.23 => 0.25 d(xbet) 0.3 mrad
strong coupling between calibration and strain d(ycen) 50 mu
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Detection of known strain increments
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Experiments on tungsten

)M SIrall " 41141

[ 4/ "'[ ":5 #
6 686 6

> G "G>& K ">0
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Expected strain

J n /[>)9"7 5">'<
sll 7> &8&
! D />55 &8&

sxx=100 MPa => dL/L = 2.4e-4
€., «— 2.1e-4, Sevyy = 1.0e-4
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Detection of d(strain) between 5 and 100 MPa ?

> MPa 100 MPa
1070
images
50x50
mu
5250 pts, 2023 grains 5371 pts, 2164 grains

RGB : hkl along z

orientation map :)elzléle' :O %)111

green :110
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5 MPa

100 MPa
1070
Images
50x50
mu
200 MPa orientation map

RGB : hkl along z
blue : 111
red : 001
green :110
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(001) / z
(011) /] z

CosAngRed entre 0.8 et 1
(111) // z
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Detection of d(strain) between 5 and 100 MPa ?

grain (347+514) - 5 MPa

T

=> repositionning OK
compare 2 images with the same number
In the two maps (5 and 100 MPa) grain close to (001)
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> MPa 100 MPa

100 MPa mosaic
most intense peak

G427 im 284 5 MPa

part4p6 O.Robach 82



Intra-grain
variations
of epsilon
at 5 MPa

~
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point-by-point variations of epsilon between 5 and 100 MPa

d(eps)

xX (0.2)
0.02 to 0.49

yy (-0.1)
-0.36t0 0

zz (-0.1)
-0.2810 0.2

Xy, Xz, yz (0.0)
yZ

-0.34 t0 0.62
XZ

-0.48to 0.42
Xy

-0.211t0 0.12

O. Robach 84



5) #
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Tensile curves
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Detection of a known strain increment

O. Robach 87



O. Robach 88



Detection of a known strain increment

1 6 6
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Grain tracking between loading stages
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Repositionning

4 ?://
494 ? 599
593 ?:0/
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Detection of d(strain) between 5 and 100 MPa ?

example on another grain
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Repositionning
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5 MPa 100 MPa

mosaic, most intense peak
G430 im 185 5MPa
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Intra-grain
variations
of epsilon
at 5 MPa

~
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variations
of epsilon
between 5
and 100 MPa

~
__

without compensation of initial strain field

d(eps)

[ xx (0.2)
0.16a0.2

yy (-0.1)
0a-0.02

yz (-0.1)
-0.16 a-0.18
ij_(0.0)

with point by point compensation

yz : 0.07 a 0.15

xz . -0.08
\_ Xy : 04a-0.04
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Monochromatic beam

measure energy of HKL peak
da/a = -(Eexp-Etheor)/Etheor

- white beam + geometry calibration with white beam
=> Etheor
- Epeak + calibration of Emono => Eexp

goal :

- same geometry calibration between white and mono
=> measure Eexp(Ge)

- same position (< 0.5 mu) and beam size
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Monochromatic beam : alignment

white beam map => mosaic scans with mono. beam

yech
yech

xech

— xech :
(2 successive

Escans)

Escan /pe/ /

trajectory
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Monochromatic beam :
detection of a known strain increment

! >>>>

O. Robach 10



Remerciements

O. Castelnau

J.S. Micha

B. Malard : "et c'est combien la barre d'erreur ?"
L'equipe microdiffraction de BM32 :

O. Ulrich, X. Biquard, F. Rieutord

O. Robach 10



John R. Taylor

An Introduction to Error Analysis
The study of Uncertainties in Physical Measurements

University Science Books
Oxford University Press
1982

O. Robach 10
3



